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property.

Layered Rare Earth and Transition Metal Materials: Synthesis,
Modification and Catalytic Application

Yashan Zhang

B.E. & B.A., Dalian University of Technology, 2007

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy
at the
University of Connecticut

2013

Copyright by
Yashan Zhang

2013

i

APPROVAL PAGE
Doctor of Philosophy Dissertation

Layered Rare Earth and Transition Metal Materials: Synthesis,
Modification and Catalytic Application
Presented by
Yashan Zhang, B.E. & B.A.

Major Advisor ____________________________________________
Steven L. Suib

Associate Advisor _________________________________________
Prabhakar Singh

Associate Advisor _________________________________________
Alfredo Angeles-Boza

University of Connecticut
2013
ii

Dedicated to April and Le Petit Pipiniu

iii

ACKNOWLEDGEMENTS
First, I would like to acknowledge my advisor, Dr. Steven L. Suib, whose encouragement,
guidance, support and trust were essential to accomplish my Ph.D degree at UConn. His research
enthusiasm, diversity, philosophy, and academic discipline have significantly affected me
throughout my graduate study. I am also extremely grateful to Dr. Francis Galasso and Mrs. Lois
Galasso, for their hospitality, generous help and encouragement on my research and graduate life
in U.S. Many thanks as well to my committee: Drs. Prabhakar Singh, Alfredo Angeles-Boza, and
Ray Joesten for their effort and help on my research.
I would also like to thank my teaching advisors: Drs. Fatma Selampinar and Edward Neth,
whose enthusiastic attitude and philosophy toward teaching have really inspired me and also
have strengthened my belief in future career as a teacher. I also want to thank the other UConn
faculty and staff members: Dr. Lichun Zhang, Dr. Abhay Vaze, Dr. James Rusling, Emilie
Hogrebe, Charlene Fuller, Osker Dahabsu, Ashely Butler, Adam Pangilinan, Brain Cardinal, and
Daniel Daleb for their tireless support.
Special thanks to our former and current group members: Lei, Linping, Saminda, Guohong,
Treese, Hui, Cecil, Fabian, Naftali, Anais, Aparna, Zhu, Chung-Hao, Yongtao, Altug, Curt,
Nashaat, Gavin, Madhavi, Lakshitha, Sheng-Yu, Justin, Becca, Homer, Ting, Wenqiao, Jing,
Mia, Wei, Junkai, Tehereh, and El-Sawy, who have shared valuable research experiences,
provided lots of help and have also been so friendly to me during my graduate life.
Finally, my deepest gratitude goes to my family, my parents, my grandpa, who have
cheered me on all the way through, especially my husband, Le, for his love and help during my
graduate life. I could not have done this without their support.

iv

TABLE OF CONTECTS
PART 1
Synthesis of Layered Ln2O2CO3 (Ln: La, Nd, Sm, Eu) materials and Their Application as
New series efficient and stable heterogeneous catalysts for biodiesel production
CHAPTER 1. INTRODUCTION

2

1.1.Overview

2

1.2.Significance and Background

3

1.2.1. Energy Crisis and Biodiesel

3

1.2.2. Comparisons of Biodiesel and Petro-diesel

3

1.2.3. Current Catalysts for Biodiesel Production

4

1.2.4. Layered Rare Earth Materials

5

CHAPTER 2. SYNTHESIS AND CHARACTERIZATION

6

2.1. Catalysts Synthesis

6

2.2. Characterization Methods

7

2.2.1. Thermogravimetric Analyses (TGA)

7

2.2.2. The Powder X-ray Diffraction (XRD)

7

2.2.3. Scanning Electron Microscope (SEM)

7

2.2.4. Transmission Electron Microscopy (HRTEM)

8

2.2.5. Brunauer Emmett Teller (BET)

8

2.2.6. Temperature Programmed Desorption (TPD-CO2)

8

v

2.2.7. Basic Strengths Tests by Indicators

9

2.2.8. Atomic Absorption Spectrometer (AAS)

9

2.2.9. Van Der Pauw Conductivity Tests

10

2.3. Catalytic Reactions and Products Analysis

12

2.3.1. Biodiesel Reactions

12

2.3.2. Biodiesel Yield Tests by Gas Chromatograph

12

CHAPTER 3. RESULTS

13

3.1. Characterization Results

13

3.1.1. Thermogravimetric analyses (TGA)

13

3.1.2. The Powder X-ray Diffraction (XRD)

15

3.1.3. Scanning Electron Microscope (SEM)

17

3.1.4. Transmission Electron Microscopy (HRTEM)

17

3.1.5. Brunauer Emmett Teller (BET)

20

3.1.6. Basic Strengths Tests by Indicators and TPD-CO2

20

3.2. Catalytic Reactions Results

21

3.2.1. Catalytic Results of Ln2O2CO3 Layered Materials at Different Temperatures

21

3.2.2. Catalytic Results of Different Amount of Catalysts used in biodiesel reactions

21

CHAPTER 4. DISCUSSION

25

4.1.Comparison of the Catalytic Activity of the Prepared Layered Nd 2O2CO3 Material with
Industrially Used Catalyst KOH

25
vi

4.2.Comparison of the Catalytic Activity of the Potassium Contained Base and Ammonium
Contained Base Synthesized Materials

28

4.3. Recyclability and Stability Tests of Ln2O2CO3 Layered Materials

33

4.4. Leaching Tests

38

4.4.1. Potassium Amount Test by Flame Atomic Absorption Spectrometer (FAAS)

38

4.4.2 Potassium and Rare Earth Amount in Biodiesel Tests by X-ray Fluorescence (XRF) 40
4.5. Proposed Mechanism

41

CHAPTER 5. CONCLUSIONS

43

PART 2
The study of biodiesel production by using ZnO/ Ln2O2CO3 (Ln: La, Nd) as heterogeneous
catalysts
CHAPTER 1. INTRODUCTION

45

1.1.Overview

45

1.2.Significance and Background

45

CHAPTER 2. SYNTHESIS AND CHARACTERIZATION

48

2.1. Catalysts Synthesis

48

2.2. Characterization Methods

48

2.2.1. Powder X-ray Diffraction (XRD)

48

2.2.2. Scanning Electron Microscope (SEM)

49

vii

2.2.3. Transmission Electron Microscopy (HRTEM)

49

2.2.4. Thermogravimetric Analyses (TGA)

49

2.2.5. Temperature Programmed Desorption (TPD-CO2)

50

2.2.6. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

50

2.3. Catalytic Reactions and Products Analysis

50

2.3.1. Biodiesel Reactions

50

2.3.2. Biodiesel Yield Tests by Gas Chromatograph

51

CHAPTER 3. RESULTS

52

3.1. Characterization Results

52

3.1.1. Powder X-ray Diffraction (XRD)

52

3.1.2. Scanning Electron Microscope (SEM)

57

3.1.3. Transmission Electron Microscopy (HRTEM)

57

3.1.4. Thermogravimetric Analyses (TGA)

59

3.1.5. Temperature Programmed Desorption (TPD-CO2)

60

3.2. Catalytic Reactions Results

61

3.2.1. The Effect of ZnO Amount in ZnO/La2O2CO3 in the Biodiesel Catalytic Reactions 61
3.2.2. The Effect of ZnO Amount in ZnO/Nd2O2CO3 in the Biodiesel Catalytic Reactions 62
3.2.3. Effect of Potassium Amount of Catalysts in Transesterification Reactions
CHAPTER 4. DISCUSSION

63
64

viii

4.1. Effect of the Reaction Temperature in Transesterification Reactions

64

4.2. Effect of the Reaction Time in Transesterification Reactions

66

4.3. Effect of Amount of Catalysts Used in Transesterification Reactions

67

4.4. Effect of Methanol to Oil Molar Ratio in Transesterification Reactions

68

4.5. Effect of Water in Transesterification Reactions

69

4.6. Recyclability Tests of ZnO/La2O(CO3)2 (Zn:Ln=1:2) Catalysts

70

CHAPTER 5. CONCLUSIONS

72

PART 3
Ongoing Work
Preliminary Study of the Hybrids of Nickel - Cobalt and Nickel - Zinc Layered Hydroxide
Materials and their Electrochemical Properties
CHAPTER 1. INTRODUCTION

74

1.1. Overview

74

1.2. Significance and Background

74

CHAPTER 2. SYNTHESIS AND CHARACTERIZATION

76

2.1. Materials and Reagents

76

2.2. Catalysts Synthesis

76

2.3. Characterization Methods

76

2.3.1. Powder X-ray Diffraction (XRD)

76
ix

2.3.2. Scanning Electron Microscope (SEM)

77

2.3.3. Transmission Electron Microscopy (HRTEM)

77

2.3.4. Energy Dispersive X-ray analysis (EDX)

77

2.3.5. Electrocatalytic Activity

78

CHAPTER 3. PRELIMINARY RESULTS

79

3.1. Characterization Results

79

3.1.1. Powder X-ray Diffraction (XRD)

79

3.1.2. Scanning Electron Microscope (SEM)

82

3.1.3. Transmission Electron Microscopy (HRTEM)

82

3.1.4. Energy Dispersive X-ray Analysis (EDX)

86

3.2. Electrocatalytic Activity Tests Results

87

CHAPTER 4. CONCLUSIONS

90

REFERENCES

91

FUTURE WORK

96

LIST OF PUBLICATIONS

97

x

LIST OF FIGURES
Figure 1-1. Van Der Pauw conductivity test set up.

11

Figure 1-2. TGA of prepared Ln2O(CO3)2 samples (before calcination).

14

Figure 1-3. XRD patterns of a, synthesized Ln2O(CO3)2 (Ln = La, Nd, Sm, Eu) solid materials
before calcination (JCPDS 28-0512) and b, synthesized layered rare earth oxycarbonates
materials Ln2O2CO3 (Ln = La, Nd, Sm, Eu) after calcination (JCPDS 37-0804).

16

Figure 1-4. SEM images of Ln2O(CO3)2 (before calcination), Ln: (a) La, (b): Nd, (c) Sm, and (d)
Eu, and Ln2O2CO3 (after calcination), Ln : (e) La, (f) Nd, (g) Sm, and (h) Eu.

18

Figure 1-5. TEM images of Ln2O2CO3, Ln: (a) (b) La, (c) (d) Nd, (e) (f) Sm, and (g) (h) Eu. 19
Figure 1-6. Results of biodiesel (FAME) yield as a function of reaction temperature by layered
Ln2O2CO3 materials (Ln: La, Nd, Sm, Eu) (Conventional heating method, 5 wt. % catalysts
loaded, reaction time: 1 hour, MeOH: Oil =1 by weight).

22

Figure 1-7. (a) Results of biodiesel (FAME) yield as a function of different catalyst amounts
(weight %) of layered Ln2O2CO3 materials (Ln: La, Nd, Sm, Eu) (conventional heating method,
reactions temperature: 95 oC, reactions time: 1 hour, MeOH: Oil =1 by weight).

23

Figure 1-7. (b) Results of biodiesel (FAME) yield as a function of different catalyst amounts
(weight %) of layered Ln2O2CO3 materials (Ln: La, Nd) (microwave heating method, reactions
temperature: 95 °C, reactions time: 30 min, MeOH: Oil =1 by weight).

24

Figure 1-8. (a) Results of biodiesel (FAME) yield as a function of reactions time (conventional
heating method, reactions temperature: 95 °C, 5wt. % catalysts, MeOH: Oil =1 by weight).

xi

26

Figure 1-8. (b) Results of biodiesel (FAME) yield as a function of reactions time (microwave
heating method, reactions temperature: 95 °C, 5wt. % catalysts, MeOH: Oil =1 by weight).

27

Figure 1-9. XRD patterns of synthesized layered Ln2O2CO3 (Ln: La and Nd) materials by using
NH3 and (NH4)2CO3 (labeled as NH3-Ln2O2CO3) and KOH and K2CO3 (labeled as K-Ln2O2CO3)
as basic starting materials.

30

Figure 1-10. TEM pictures of (a), (b) potassium contained base synthesized Nd2O2CO3 material
and (c), (d) ammonium contained base synthesized Nd2O2CO3 material.

31

Figure 1-11. The recyclability tests of layered Ln2O2CO3 materials (Ln: La, Nd, Sm, Eu)
(Conventional heating method, reactions temperature: 95 °C, 5 wt.% catalysts loaded, reactions
time: 1 hour, MeOH: Oil = 1 by weight).

34

Figure 1-12. XRD patterns of (a) synthesized Ln2O(CO3)2 (Ln = La, Nd, Sm, Eu)
materials after 4th cycle of biodiesel reactions,

solid

are the peaks from Ln 2O3 (b) synthesized

layered rare earth oxycarbonate materials Ln2O2CO3 (Ln = La, Nd, Sm, Eu) before reactions. 35
Figure 1-13. SEM images of Ln2O2CO before reactions (a) La, (b): Nd, (c) Sm, and (d) Eu and
after reactions, (e) La, (f) Nd, (g) Sm, and (h) Eu.

37

Figure 2-1. 3-steps reaction mechanism of transesterification reaction.

47

Figure 2-2. (a) XRD patterns of ZnO/ La2 O2CO3 materials at different Zn:La ratios,
La2O2CO3

: ZnO; and

: new Zn-La layered materials.

Figure 2-2. (b) XRD patterns of ZnO/ Nd2O2CO3 materials at different Zn:Nd ratios,
Nd2O2CO3;

: ZnO.

:
53
:
54

xii

Figure 2-3. SEM images of ZnO/La2O2CO3 at different ratios before calcination (Zn/La = a 1/5,
b 1/2, c 2/1, d 5/1) and after calcination (e, 1/5, f 1/2, g 2/1, h 5/1).

55

Figure 2-4. SEM images of ZnO/Nd2O2CO3 at different ratios before (Zn/Nd = a 1/5, b 1/1, c 5/1)
and after calcination (Zn/Nd = a 1/5, b 1/1, c 5/1).

56

Figure 2-5. TEM images of ZnO/Ln2O2CO3 materials (Zn:Ln=1:5) Ln: La (a) (b), Nd (c) (d).58
Figure 2-6. TGA of selected ZnO/La2O(CO3)2 (Zn:Ln=1:2) before calcination.

59

Figure 2-7. TPD-CO2 profile of selected ZnO/La2O2CO3 (Zn:Ln=1:2).

60

Figure 2-8. FAME yields as a function of the Zn to La ratio.

61

Figure 2-9. FAME yields as a function of the Zn to Nd ratio.

62

Figure 2-10. FAME yields as a function of Zn to Nd ratio and the amount of potassium in the
catalysts (conventional heating method; reaction temperature: 95 °C; reaction time: 1 hour;
catalysts weight percentage: 5 %; MeOH: Oil =1 by weight).

63

Figure 2-11. FAME yields as a function of reaction temperacture by ZnO/La 2 O(CO 3 )2
(Zn:Ln=1:2) catalyst (conventional heating method; reaction time: 1 hour; catalysts weight
percentage: 5 %; MeOH: Oil =1 by weight.

65

Figure 2-12. FAME yields as a function of time by ZnO/La 2O(CO3)2 (Zn:Ln=1:2) catalysts
(conventional heating method; reaction temperature: 95 °C; catalysts weight percentage: 5 %;
MeOH: Oil =1 by weight).

66

Figure 2-13. FAME yields as a function of catalysts weight percentage by ZnO/La 2O(CO3)2
(Zn:Ln=1:2) catalysts (conventional heating method; reaction temperature: 95 °C; reaction time:
1 hour; MeOH: Oil =1 by weight).

67

xiii

Figure 2-14. FAME yields as a function of methanol oil molar ratio by ZnO/La 2O(CO3)2
(Zn:Ln=1:2) catalysts (conventional heating method; reaction temperature: 95 °C; reaction time:
1 hour; catalysts weight percentage: 5 %).

68

Figure 2-15. FAME yields as a function of water percentage in the reaction system
(conventional heating method; reaction temperature: 95 °C; reaction time: 1 hour; catalysts
weight percentage: 5 %; MeOH: Oil =1 by weight).

69

Figure 2-16. FAME yields as a function of cycle number in the biodiesel reaction system
(conventional heating method; reaction temperature: 95 °C; reaction time: 1 hour; catalysts
weight percentage: 5 %; MeOH: Oil =1 by weight).

71

Figure. 3-1. X-ray diffraction patterns of Ni-Co hydroxides.

80

Figure. 3-2. X-ray diffraction patterns of Ni-Zn hydroxides.

81

Figure. 3-3. SEM images of Ni-Co hydroxides at different Ni:Co ratios.

83

Figure. 3-4. SEM images of Ni-Zn hydroxides at different Ni:Co ratios.

84

Figure. 3-5. HRTEM images of selected Ni-Co hydroxides at different Ni:Co ratios.

85

Figure. 3-6. Cyclic voltammetry of selected samples (a) comparison between Ni-Co hydroxides
and pure nickel hydroxide; (b) comparison between Ni-Zn hydroxides and pure nickel hydroxide.
88
Figure. 3-7. The calculation of numbers of electron transferred for Ni:Co=9:1 hydroxide catalyst
in the oxygen reduction reactions.

89

xiv

LIST OF TABLES
Table 1-1. BET surface area and basic strength tests by indicators and TPD-CO2.

20

Table 1-2. Biodiesel yields of potassium and ammonium based Ln2O2CO3 materials.

32

Table 1-3. The potassium amount in fresh and recycled Ln2O2CO3 materials.

39

Table 1-4. The potassium and rare earth metal amount in biodiesel.

40

Table 3-1. Atomic percentage measurement of Ni-Co hydroxides by EDX.

86

LIST OF SCHEME
Scheme 1-1. Catalytic mechanism of Ln2O2CO3 layered materials in biodiesel reactions.

xv

42

1

PART 1
Synthesis of Potassium Doped Layered Ln2O2CO3 (Ln: La, Nd, Sm, Eu) Materials and
Their Application as Efficient and Stable Heterogeneous Catalysts for Biodiesel Production

2

CHAPTER 1. INTRODUCTION

1.1.Overview
The objective of this research was to develop catalysts for high yield of biodiesel
production under mild reaction conditions. A series of rare earth layered materials have been
synthesized as catalysts for biodiesel reactions. These layered catalysts are prepared by a coprecipitation method followed by an overnight reflux method, and characterized by XRD, TGA,
SEM, TEM, BET, AAS etc. The FAME yields as a function of different temperatures and
different amounts of catalysts were both investigated. Nd2O2CO3 is the best among these
Ln2O2CO3 materials, ~100 % of biodiesel yield can be achieved at 95 °C by using 1.0 wt.% of
Nd2O2CO3 within 10 min by a microwave method while 3.0 wt.% of Nd2O2CO3 catalyst were
used in the reaction to get ~100 % FAME yield at 95 °C within an hour by a conventional
heating method. The Nd2O2CO3 catalyst has better performance with a higher reaction rate than
the commercial homogeneous KOH catalyst in both the microwave irradiation and conventional
heating method. Leaching tests of catalysts were also investigated; no rare earth metal leaching
was detected and the potassium leaching amounts are all under the standard limits given by
ASTM (American Society for Testing and Materials). All of these results have suggested that the
synthesized layered Ln2O2CO3 materials are a group of ideal catalysts for industrial biodiesel
production.
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1.2. Significance and Background
1.2.1. Energy Crisis and Biodiesel
Due to the huge worldwide demand for energy and the depletion of world’s fossil fuel
reserves, developing alternative sources of petroleum-based fuel became one of the most
important interests of recent scientists’ research. Biodiesel --- a liquid green fuel product made
from vegetable oil has been attracting increased attention because of its similar physiochemical
properties to petroleum-based diesel, and thus is a suitable energy source to use in current diesel
engines. Moreover, biodiesel is also biodegraded, exhibits low toxicity, and provides the
potential to reduce greenhouse gas emission because of the closed CO2 cycle1,2.
Vegetable oil, such as Canola oil, soybean oil, as well as animal fat, are typically
composed of C14---C20 fatty acid triglycerides. In order to convert these fatty acid triglycerides to
fatty acid esters (biodiesel), short chain alcohols are normally used as another reactant to achieve
this transesterification process. Typically, there are seven different types of chains in vegetable
oils and animal fats: myristic, lauric, linoleic, linolenic, oleic, palmitic , and stearic. In the
process of the reaction, the triglyceride is stepwisely converted to diglyceride, monoglyceride,
and finally glycerol, one mole of alcohol is involved for each conversion step3. FAME, which is
short for fatty acid methyl ester, is our biodiesel product.

1.2.2. Comparisons of Biodiesel and Petro-diesel
Energy consumption for transportation is almost totally from petroleum-based fuels such
as gasoline, diesel fuel, and liquid petroleum gas. Biodiesel is one of the best substitutes for
replacing these petroleum-based fuels because of its similarity to petro-diesel fuels. They have
similar heating values, densities and viscosities, so pure biodiesel can be blended with petro-
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diesel in any proportion. One of the biggest advantages is that biodiesel is more environmentally
friendly than gasoline and petroleum in terms of emission. Moreover, biodiesel also has better
burning efficiency than gasoline because of its oxygen content 4, 5.

1.2.3. Current Catalysts for Biodiesel Production
In current research, there are three types of catalysts for biodiesel reactions: basic
catalysts6, acid catalysts7 and enzyme catalysts8, among them, basic catalysts are preferred due to
the lower energy consumption required than is the case for acid catalysts9. Commercially,
homogeneous basic catalysts including sodium or potassium hydroxides and oxides of alkali and
alkaline earth metals are used10. However, the separation of catalysts from biodiesel product is
problematic in several ways: firstly, the product needs further neutralization treatment and this
will cause saponification; secondly, this saponification will make the ester separation more
difficult; lastly, this process will generate a lot of waste water which is environmental
unfriendly11. Therefore, developing a heterogeneous catalysis system becomes more attractive
due to the following advantages: this process diminishes the number of steps in the whole
process because of the easy removal of the solid catalyst, thus saving on the consumption of
water, and purification of waste; moreover, the easy separation of the catalyst makes catalysts
easy to recycle. Thus, in this research work, heterogeneous basic catalysts were synthesized for
biodiesel reactions.

5
1.2.4. Layered Rare Earth Materials
Rare earth based materials have received increased attention recently due to their unique
properties for applications such as CO2 sensors 12, optical fibers 13, and catalysts 14-16. Especially
in the fields of catalysis, rare earth based materials are widely used in water gas shift (WGS)
reactions

17

, zeolite catalysis

16

, and oxidative dehydrogenation of ethane

18

. In this research,

Ln2O2CO3 (Ln: rare earth) have been investigated. Rare earth oxycarbonates exist in three
different types of crystal structures: type-I contains square layers (tetragonal), type-II has a
hexagonal structure

19, 20

and type-IA a monoclinic form

21

. Among these structures, type-II

compounds are the most promising compounds as catalysts due to their stability and higher
durability against both water and carbon dioxide

19,22,23

. It is difficult to obtain the exact

description of the type II Ln2O2CO3 structure based on X-ray diffraction data alone due to the
weakly scattering of oxygen and carbon atoms in combination with heavy rare earth elements. In
a simplified description, type II Ln2O2CO3 are believed to have the layer-like structures with
two-dimensional (Ln2O2)2+ layers and CO32− ions in between. However, some other studies
indicate that the crystal structure is more complex; more than one distinct metal site is present in
the structure due to the disorientation of the carbonate groups 24,25. In the past decades, these type
II Ln2O2CO3 layered structured materials are most synthesized by the carbonatization of Ln2O3
in solid state reactions

12,19,24,26

. In this research, a new series of potassium doped rare earth

oxycarbonates type- II Ln2O2CO3 (Ln = La, Nd, Sm, Eu) layered materials were successfully
synthesized by a new wet chemistry approach and their basic catalytic activities were studied in
biodiesel reactions.

6

CHAPTER 2. SYNTHESIS AND CHARACTERIZATION

2.1. Catalysts Synthesis
In a typical experiment, 0.09 mol of Ln(NO3)3.6H2O (Ln= La, Nd, Sm, Eu) was dissolved
in 200 mL deionized distilled (D.D.I.) water. Heat the total dissolved solution up to 85 oC. 0.30
mol of KOH and 0.30 mol of K2CO3 were dissolved in 400 mL D.D.I. water to make a basic
mixed solution. Dropwisely added basic mixture into the hot solution of Ln(NO3)3.6H2O until
the pH reached 10.0. The slurries were transferred into a round-bottom flask, put under the reflux
in oil bath at 100 °C overnight. The products from reflux were washed by D.D.I. water until the
pH was the same as that of the D.D.I. water (pH = 6 ~ 7), then dried at 120 °C overnight. The
raw products were calcined at 550 °C for 6 h before being used as catalysts for biodiesel
reactions.
A control group of materials were also synthesized by using the mixture of NH3 and
(NH4)2CO3 solution to substitute for the KOH and K2CO3 mixed basic solution. In a typical
synthesis, 0.03 mol of Ln(NO3)3.6H2O (Ln= La, Nd) were dissolved in 70 mL deionized distilled
(D.D.I.) water separately. The two dissolved rare earth solutions were heated on a hot plate
separately up to 85 °C. 0.10 mol of NH3 and 0.10 mol of (NH4)2CO3 were mixed and D.D.I.
water was added to make a 130 mL basic mixed solution. The basic mixed solution was
dropwisely added into the hot solutions of Ln(NO3)3.6H2O separately until the pH reached 10.0.
The precipitation slurries were transferred into two round-bottom flasks, separately put under the
reflux in an oil bath at 100 °C overnight. The products from reflux were washed by D.D.I. water
until the pH was the same as that of the D.D.I. water, and then dried at 120 °C overnight. The
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raw products were calcined at 550 oC for 6 hours before being used as catalysts for biodiesel
reactions.

2.2. Characterization Methods
2.2.1. Thermogravimetric Analyses (TGA)
Thermogravimetric analyses (TGA) in air were performed on a Hi-Res TA 2950
thermogravimetric analyzer with the air flow at rate of 60 mL/min from 25oC to 900oC at a
heating rate of 10oC /min.

2.2.2. Powder X-ray Diffraction (XRD)
The powder X-ray diffraction (XRD) patterns were obtained by Rigaku Ultima IV
diffractometer using Cu Kα (λ = 0.15406 nm) X-ray radiation with a beam voltage of 40 KV and
44 mA beam current. XRD patterns were collected from 5° to 75° in a continuous mode using a
scan rate of 2°/min.

2.2.3. Scanning Electron Microscope (SEM)
The crystal morphologies of the samples were investigated using an environmental
scanning electron microscope (ESEM) FEI Quanta FEG 250 with an accelerating voltage of 2
KV. The powder samples were ultrasonically dispersed in ethanol for analysis. The suspensions
were deposited on a gold-coated silicon wafer, and allowed to dry in a vacuum system overnight.
The wafer was then mounted onto a stainless steel sample holder using carbon tape.
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2.2.4. Transmission Electron Microscopy (HRTEM)
Transmission electron microscopy (HRTEM) images were obtained using a JEOL 2010
instrument with an energy dispersive spectroscopy (EDS) system at an accelerating voltage of
200 kV. The samples were prepared by dispersing the material in ethanol by sonication; the
dispersion was then dropped on a carbon coated copper grid and allowed to dry.

2.2.5. Brunauer Emmett Teller (BET)
Brunauer–Emmett–Teller

(BET)

surface

area

measurements

were

done

on

a

Quantachrome Autosorb iQ2 instrument. Prior to the experiments all samples were degased
under 120 °C for 12 hours.

2.2.6. Basic Tests by Temperature Programmed Desorption (TPD-CO2)
Temperature programmed desorption (TPD-CO2) was carried out in a furnace with a GC
Thermal Conductivity Detector. Catalyst powder (0.3 g) was placed in a quartz reactor and then
pretreated at 550 °C for 6 h. After the pretreatment, a pure CO2 gas (20 mL/min) was feed at
room temperature for 2 h, followed by feeding He flow (20 mL/min) for another 2 h to remove
the physically absorbed CO2. The basic sites of the catalyst was analyzed by following the m/z =
44 signal with the temperature range from room temperature to 550 °C in pure He flow (20
mL/min).
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2.2.7. Basic Strengths Tests by Indicators
The H_ acidity function is the accepted parameter for the strength of basic catalyst sites.
The basic strength of the samples were determined by using various 0.1 wt.% Hammett
indicators from Aldrich in methanol, these indicators are: dicinnamalacetone (pKBH+ = -3.0), pdimethyldiazobenzene (dimethyl yellow, pKBH+ = +3.3), dibromothymol sulfophthalein (thymol
blue, pKBH = +7.2), 4,4’-dioxyhthalophenone (pKBH+ = +9.3), 2, 4-dinitroaniline (pKBH+ =
15.4)27. The samples were calcinated at 550 oC for 6 hours, then cooled to 120 oC in the oven,
rapidly transferred to a weighting bottle after being taken out from the oven. Then, one or two
drops of 0.1 wt.% indicator solutions in methanol were added into the samples, finally the color
change were visually observed and recorded. If, for example, La2O2CO3 sample turns red in the
presence of 4,4’-dioxyhthalophenone but does not change color in the 2, 4-dinitroaniline solution,
the value of H_ was taken + 9.3.

2.2.8. Atomic Absorption Spectrometer (AAS)
The elemental analysis was performed using a PerkinElmer Model 3100 flame atomic
absorption spectrometer (FAAS) by the standard calibration method. The solid Ln2O2CO3
layered materials (before and after reactions) were firstly dissolved in concentrated HNO3 and
D.D.I. water was added to reach a designed volume in volumetric flasks. The standard solutions
were prepared from the Alfa Aesar Specpure Spectrochemical Analytical standards solutions.
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2.2.9. Van Der Pauw Conductivity Tests
The resistivity of prepared catalysts is also tested by the Van Der Pauw Conductivity
test; 100 mg of each prepared sample was separately pressed at 4 tons for 10 minutes to form a
self-supporting pellet (11mm in diameter). The thickness of the pellet was measured using a
digital micrometer. The pellet was placed on an insulated sample stage and connected to four
brass contacts, labeled 1, 2, 3, and 4. Four contact probes were affixed to the pellet in a roughly
square orientation as shown in Fig. 1-1. An HP 4145B analyzer controlled via Labview was used
to complete the measurements. The voltage was swept between two probes and the resulting
current was monitored in the remaining probes (If voltage was swept from 1 to 2, the resulting
current would be observed from 3 to 4; if voltage was swept from 1 to 4, the resulting current
would be observed from 2 to 3). The resistance in these two directions was measured and the
resistivity of the sample was calculated according to the following equation 28-31:

in which

(Ω) is the resistivity of the sheet;

(3.14) and (1.6) are constants;

(Ω) are the resistivity measured from two directions;
determined by the ratio of the voltages in two directions;
(cm) is the pellet thickness.

and

(~1) is the correction factor

is the resistivity of the pellet (Ω.cm);
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Figure 1-1. Van Der Pauw conductivity test set up.
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2.3. Catalytic Reactions and Products Analysis
2.3.1. Biodiesel Reactions
Biodiesel reactions with conventional heating method were carried out in a temperature
controlled oil bath. 2.5 g Canola oil and 2.5 g methanol were mixed with 0.25 g (5 wt.%)
catalysts into a vial, and the reactants were isolated from the vial cap by a blue PTFE face
silicone, reactions were taken place at different temperature and with a vigorous stirring rate of
900 rpm. Biodiesel reactions with microwave heating method were carried out in the Biotage

TM

Initiator 2.5. The reaction temperature and reaction time were controlled automatically.

2.3.2. Biodiesel Yield Tests by Gas Chromatograph
After the biodiesel reactions, the GC sample were prepared by dissolving the oil layer of
the products in THF and Heptane, and then analyzed by a HP 5890 Serious II gas chromatograph
coupled with a FID detector. The column used was a Restek Biodiesel TG column with
dimensions of 14 m x 0.53 mm x 0.16 μm.
The yields of FAME for biodiesel reactions were calculated using the following equation:

in which, FAME stands for fatty acid methyl ester, MG stands for monoglycerides, DG stands
for diglycerides, and TG stands for triglycerides.

13

CHAPTER 3. RESULTS

3.1. Characterization Results
3.1.1. Thermogravimetric Analyses (TGA)
Thermogravimetric analysis (TGA) is shown in Fig.1-2, the first major weight loss of
Ln2O(CO3)2 materials took place at around 450 °C to 480 °C, which is due to the transformation
of Ln2O(CO3)2 into a Ln2O2CO3 layered materials by losing CO2; and the second weight loss
between 600 °C to 750 °C is due to the second loss of CO2, during which Ln2O3 materials are
formed from the Ln2O2CO3 layered materials. Both of the mass losses were assigned to the loss
of CO2 based on TGA-mass spectrometry analysis. The minor loss of weight before these two
major weight losses was due to some water component in the structure either by physical
absorption or between the layered structures. The total weight loss from Ln2O(CO3)2 materials
are in a range from 24 wt.% to 28 wt.% and in the sequence of: La2O2CO3 > Nd2O2CO3 >
Sm2O2CO3 > Eu2O2CO3 due to the different molar mass of rare earth metals. By subtracting the
minor loss (~5 wt.%) caused by water from the total weight loss, these numbers of percentage
match the weight percentage of the two CO2 molecules lost from the Ln2O(CO3)2 materials. The
thermal stability among these Ln2O2CO3 layered materials is in the sequence of: La2O2CO3 >
Nd2O2CO3 > Sm2O2CO3 ≈ Eu2O2CO3.
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Figure 1-2. TGA of prepared Ln2O(CO3)2 samples (before calcination).
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3.1.2. Powder X-ray Diffraction (XRD)
X-ray diffraction (XRD) patterns have also suggested the transformation from Ln2O(CO3)2
materials (Fig.1-3 a) to Ln2O2CO3 layered materials (Fig.1-3 b) after calcination at 550 oC for
6h. Comparison of X-ray diffraction patterns between Ln2O2CO3 (Ln = La, Nd, Sm, Eu) layered
materials are shown in Fig. 1-3 b, the patterns are very similar but with a slight shift in the major
peak position due to the size difference between the rare earth metal ions (La3+ > Nd3+ > Sm3+ >
Eu3+). The d spacings correspond to the (002) plane for these Ln2O2CO3 (Ln = La, Nd, Sm, Eu)
materials are La2O2CO3: 7.91 Å; Nd2O2CO3: 7.81 Å; Sm2O2CO3: 7.68 Å; Eu2O2CO3: 7.62 Å
respectively, which are all close to the d spacings reported in the JCPDS card (La2O2CO3: 7.97
Å; Nd2O2CO3: 7.85 Å; Sm2O2CO3: 7.67 Å; Eu2O2CO3: 7.63 Å).
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Figure 1-3. XRD patterns of a, synthesized Ln2O(CO3)2 (Ln = La, Nd, Sm, Eu) solid materials
before calcination (JCPDS 28-0512) and b, synthesized layered rare earth oxycarbonates
materials Ln2O2CO3 (Ln = La, Nd, Sm, Eu) after calcination (JCPDS 37-0804).
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3.1.3. Scanning Electron Microscope (SEM)
The images of environmental scanning electron microscope (ESEM) are shown in Figs. 14, a-h. The images show that synthesized materials (before calcination) contained bulk
aggregates with a Ln2O(CO3)2 structure; after calcination, the single crystal Ln2O2CO3 nanorod
aggregates were formed. For Sm2O2CO3 and Eu2O2CO3 materials, the layered structures are not
as obvious as those for La2O2CO3 and Nd2O2CO3 materials; thus their morphologies are more
plate-like than aggregated nanorods.

3.1.4. Transmission Electron Microscopy (HRTEM)
In Figs. 1-5 (a) - (h), the microstructure characterization using HRTEM shown have
confirmed the nanorod aggregate structure with ESEM images. The high magnification TEM
micrograph in Fig. 1-5 (b) shows lattice fringes with a lattice spacing of 0.797 nm, which can be
identified as (002) planes of La2O2CO3 material as reported in literature. The results from
HRTEM also reveal that the Ln2O2CO3 materials have edge dislocation defects in the structure
which may be caused by the replacement of Ln3+ by K+. Among them, Nd2O2CO3 material has
the largest amount of defects compared to other Ln2O2CO3 materials; and more detailed
explaination of the role of these defects will be discussed in the discussion chapter of this thesis.
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Figure 1-4. SEM images of Ln2O(CO3)2 (before calcination), Ln: (a) La, (b): Nd, (c) Sm, and (d)
Eu, and Ln2O2CO3 (after calcination), Ln : (e) La, (f) Nd, (g) Sm, and (h) Eu.
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Figure 1-5. TEM images of Ln2O2CO3, Ln: (a) (b) La, (c) (d) Nd, (e) (f) Sm, and (g) (h) Eu.
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3.1.5. Brunauer Emmett Teller (BET)
The BET surface area results are shown in Table1-1., the Ln2O2CO3 layered materials
have a surface area ranging from 11 to 19 g/m2 and the Nd2O2CO3 sample has the largest surface
area among these four Ln2O2CO3 layered materials.

Table 1-1. BET surface area and basic strength tests by indicators and TPD-CO2.

BET Surface Area

Basic Strength

Basic Sites Amount

(g/m2)

(H_)

(< 200 °C mmol/g)

La2O2CO3

11

+9.3

0.15

Nd2O2CO3

19

+9.3

0.33

Sm2O2CO3

15

+9.3

0.15

Eu2O2CO3

13

+9.3

0.21

Sample

3.1.6. Basic Strengths Tests by Indicators and TPD-CO2
The basicity test results by indicator and TPD-CO2 are also shown in Table 1-1., the
Ln2O2CO3 layered materials all have the same basic strength by indicator tests and the
Nd2O2CO3 sample desorbs the largest amounts of CO2 (0.33 mmol/g) among all four Ln2O2CO3
layered materials.
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3.2. Catalytic Reactions Results
3.2.1. Catalytic Results of Ln2O2CO3 Layered Materials at Different Temperatures
The FAME yields of biodiesel reactions Ln2O2CO3 layered materials catalysts are plotted
as a function of temperature in Fig. 1-6.

The FAME yield increased with increasing

temperatures and a high FAME yield (~100 %) can be reached. Nd2O2CO3 was the most active
material, by which ~90 % FAME yield was obtained at temperatures as low as 75 °C and ~100 %
FAME yield was obtained at a temperature of 95 °C. The order of catalytic activities is
Nd2O2CO3 > La2O2CO3 > Sm2O2CO3 ≈ Eu2O2CO3.

3.2.2. Catalytic Results of Different Amount of Catalysts used in biodiesel reactions
The effect of amount of catalysts used in biodiesel reactions was investigated by varying
the mass percentage of catalysts introduced into the reaction system and the other reaction
conditions remained the same as previously mentioned. The results listed in Figs. 1-7 (a) and (b)
have shown that the as synthesized Nd2O2CO3 material is the most active catalysts among
Ln2O2CO3 materials in the reactions system; completed yield (~100 %) can be achieved by using
0.15 g (3.0 wt.%) of synthesized Nd2O2CO3. When Nd2O2CO3 was used as the biodiesel reaction
catalyst under the microwave method, completed yield (~100 %) can be achieved by using 0.05
g of Nd2O2CO3 (1.0 wt.%).
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Figure 1-6. Results of biodiesel (FAME) yield as a function of reaction temperature by layered
Ln2O2CO3 materials (Ln: La, Nd, Sm, Eu) (Conventional heating method, 5 wt.% catalysts
loaded, reaction time: 1 hour, MeOH: Oil =1 by weight).
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Figure 1-7. (a) Results of biodiesel (FAME) yield as a function of different catalyst amounts
(weight %) of layered Ln2O2CO3 materials (Ln: La, Nd, Sm, Eu) (conventional heating method,
reactions temperature: 95 oC, reactions time: 1 hour, MeOH: Oil =1 by weight).

24

120

100

FAME Yield (%)

80

60

40
La

20

Nd
0
1%

2%

3%
Catalysts Wt. %

4%

5%

Figure 1-7. (b) Results of biodiesel (FAME) yield as a function of different catalyst amounts
(weight %) of layered Ln2O2CO3 materials (Ln: La, Nd) (microwave heating method, reactions
temperature: 95 °C, reactions time: 30 min, MeOH: Oil =1 by weight).
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CHAPTER 4. DISCUSSION

4.1. Comparison of the Catalytic Activity of the Prepared Layered Nd2O2CO3 Material
with Industrially Used Catalyst KOH
One of the biggest concerns of heterogeneous catalysts is the longer reaction time and
higher energy consumption compared to homogeneous catalysts. In order to compare the
catalytic behavior of our layered heterogeneous catalysts and the industry used homogeneous
catalyst KOH, 5 wt.% of Nd2O2CO3 catalyst and 5 wt.% of KOH were separately introduced into
two biodiesel reaction systems: conventional heating and microwave under the same reactions
conditions (95 °C, MeOH: Oil = 1:1 by weight). The results are shown in Figs. 1-8 (a) and (b),
for conventional heating method, Fig. 1-8 (a); it took only 20 min for the reaction to reach ~90 %
FAME yield by using Nd2O2CO3 material as the catalyst while it took almost 40 min for
industrial used catalyst KOH to achieve the same FAME yield. For the microwave heating
method, Figs. 1-8 (b), the biodiesel reactions completed within 5 min when using Nd2O2CO3
material as the catalyst, but the reactions would not be completed until 25 min by using KOH as
catalyst. In summary, for both conventional heating and microwave heating reaction systems,
the prepared layered Nd2O2CO3 material has better performance than commercially used KOH.
It takes a short time to complete the high FAME yield. Moreover, the microwave heating method
is more efficient than the conventional heating method; this might be because the microwave
heating method generated “microwave hot spots” on the catalyst surface, which greatly
accelerated the reaction rates 32.
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Figure 1-8. (a) Results of biodiesel (FAME) yield as a function of reactions time (conventional
heating method, reactions temperature: 95 °C, 5 wt.% catalysts, MeOH: Oil =1 by weight).
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Figure 1-8. (b) Results of biodiesel (FAME) yield as a function of reactions time (microwave
heating method, reactions temperature: 95 °C, 5 wt.% catalysts, MeOH: Oil =1 by weight).
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4.2. The Comparison of the Catalytic Activity of the Potassium Contained Base and
Ammonium Contained Base Synthesized Materials
Firstly, we thought the carbonates between La2O22+ layers are the main active sites for
biodiesel catalytic reactions because we assumed no potassium residues in the layered Ln2O2CO3
materials. However, in the process of different characterizations, we realized there will be
potassium residues in the synthesized solid materials even though the materials were thoroughly
washed by D.D.I. water. KOH is commercially used homogeneous catalyst for biodiesel
reactions. Therefore, we decided to synthesize layered Ln2O2CO3 materials without potassium
being contained in the basic mixture to evaluate the role of potassium residues in the biodiesel
catalytic performances.
The comparison between XRD patterns of synthesized layered Ln2O2CO3 (Ln: La and Nd)
materials by separately using NH3 solution and (NH4)2CO3 and KOH and K2CO3 as basic starting
materials are shown in Figs. 1-9. All synthesized rare earth based layered materials have the
same layered structure with different starting bases; but the materials synthesized using
potassium contained bases (labeled as K-Ln2O2CO3) have relatively larger d spacings compared
to the materials synthesized using ammonium contained basic solutions (labeled as NH3Ln2O2CO3). The d spacings for the (002) plane of these materials was calculated based on the
raw XRD data; they are 7.91 Å for K-La2O2CO3; 7.85 Å for NH3-La2O2CO3; 7.81 Å for KNd2O2CO3; 7.70 Å for NH3-Nd2O2CO3 respectively. Some studies have suggested that the
lithium ion can be doped into the rare earth layered materials by replacing the carbonate sites in
the structure

20,26

, however, in our study, we believe the larger layer spacing was due to the

lanthanide metals ions being replaced by relatively larger size potassium ions because the
carbonate sites are too small for potassium ions.
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The comparison of TEM pictures between potassium contained base synthesized
Nd2O2CO3 material (Figs. 1-10 a and b) and ammonium contained base synthesized Nd2O2CO3
material (Figs. 1-10 c and d) also suggested that the defects were generated by the potassium in
the catalytic materials. In the Van Der Pauw Conductivity tests, the difference (

) in

resistivity between synthesized Nd2O2CO3 materials by NH3 and (NH4)2CO3 and KOH and
K2CO3 solutions also showed that the potassium contained base synthesized Nd2O2CO3 material
is a doping material.
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Figure 1-9. XRD patterns of synthesized layered Ln2O2CO3 (Ln: La and Nd) materials by using
NH3 and (NH4)2CO3 (labeled as NH3-Ln2O2CO3) and KOH and K2CO3 (labeled as K-Ln2O2CO3)
as basic starting materials.
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Figure 1-10. TEM pictures of (a), (b) potassium contained base synthesized Nd2O2CO3 material
and (c), (d) ammonium contained base synthesized Nd2O2CO3 material.
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In the catalytic reaction, 2.5 g Canola oil, 2.5 g methanol and 0.25 g (5 wt.%) were reacted
at 95 °C with vigorous stirring for 60 min. The results of biodiesel yield are shown in Table 1-2.
The La2O2CO3 and Nd2O2CO3 materials synthesized by NH3 and (NH4)2CO3 are much less active
in biodiesel reactions compared to the La2O2CO3 and Nd2O2CO3 materials synthesized by KOH
and K2CO3 basic mixtures. Potassium in the Ln2O2CO3 layered materials is the key role in
biodiesel catalytic reactions. Further discussion is shown in the mechanism part of this chapter.

Table 1-2. Biodiesel yields of potassium and ammonium based Ln2O2CO3 materials.

Sample

Starting Base Mixture

FAME Yield

KOH and K2CO3

78 %

NH3 and (NH4)2CO3

24 %

KOH and K2CO3

99 %

NH3 and (NH4)2CO3

25 %

La2O2CO3

Nd2O2CO3
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4.3.Recyclability and Stability Tests of Ln2O2CO3 Layered Materials
The recyclability and stability of catalysts are one of the most important factors for
catalytic reactions. The tests have been carried out by a direct running process using a
conventional heating method. The second and third cycles were carried out by reusing the
catalyst recycled from a previous run directly (no washing and reactivation process) while the
fourth cycle was using the materials collected in the third run and re-calcined in air at 550 oC for
2 hours. After the 3rd cycle of biodiesel reaction (Fig. 1-11), the FAME yield for biodiesel
reactions by Nd2O2CO3 catalyst has dramatically dropped to ~50 %. The losing of active sites
was probably the main reason for the drop in the catalytic performance, the active sites in layered
materials could be blocked by oil after 3 hours reactions time. On the 4th cycle, we collected the
catalysts after the third run and activated them by calcination at 550 oC for 2 hours in air before
running, we have obtained ~90 % of FAME yield for the Nd2O2CO3 catalyst; the small drop in
yield is probably due to the weight loss in the process of recollection and reactivation after
several cycles. These tests suggested the catalysts are recyclable and are still stable after the 4th
cycle. Therefore, our reported solid layered materials could be used as efficient and stable
catalysts in an industrial process.
The XRD patterns of Ln2O2CO3 materials after 4th cycle are shown in Fig. 1-12. After 4
times of biodiesel reactions, the La2O2CO3 still kept the same layered structure because of its
better thermal and structural stabilities, however, some small new peaks appeared in the XRD
pattern of the Nd2O2CO3 material, and many new peaks appeared and old peaks disappeared in
Sm and Eu based synthesized materials because they had partially or mostly decomposed to their
oxides 33,34. These XRD patterns also matched the TGA data we mentioned before.
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Figure 1-11. The recyclability tests of layered Ln2O2CO3 materials (Ln: La, Nd, Sm, Eu)
(Conventional heating method, reactions temperature: 95 °C, 5 wt.% catalysts loaded, reactions
time: 1 hour, MeOH: Oil = 1 by weight).
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Figure 1-12. XRD patterns of (a) synthesized Ln2O(CO3)2 (Ln = La, Nd, Sm, Eu)
materials after 4th cycle of biodiesel reactions,

solid

are the peaks from Ln2O3 (b) synthesized

layered rare earth oxycarbonate materials Ln2O2CO3 (Ln = La, Nd, Sm, Eu) before reactions.
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The morphology changes of layered Ln2O2CO3 materials before reactions and after recycle
are shown in the SEM pictures in Figs. 1-13. (a) - (h); in the pictures, the morphologies of
La2O2CO3 materials before and after the reactions are almost the same, and for layered
Nd2O2CO3, Sm2O2CO3 and Eu2O2CO3 materials, the pictures have shown that new structure
phases appeared. The appearance of new phases in recycled Nd2O2CO3, Sm2O2CO3 and
Eu2O2CO3 materials also agreed with their XRD patterns change. The catalytic properties of
recycled Sm2O2CO3 and Eu2O2CO3 materials have been lost during the process because of their
decomposition due to their unstable thermal stabilities. Meanwhile, the recycled La2O2CO3 and
Nd2O2CO3 materials were still catalytically active after the 4th cycle because of their better
thermal and structural stabilities.
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Figure 1-13. SEM images of Ln2O2CO before reactions (a) La, (b): Nd, (c) Sm, and (d) Eu and
after reactions, (e) La, (f) Nd, (g) Sm, and (h) Eu.
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4.4 Leaching Tests
The leaching test of catalysts by dissolution of the solid in the reaction medium is very
important because the leached metal ions can form unwanted soap and other byproducts, thus
increasing the water consumption for the rinsing of the products, created environmental issues,
and increased the biodiesel cost. Moreover, catalysts leaching will affect the catalytic results in a
continuous reaction. No catalyst leaching into the biodiesel reactions happened when using rare
earth metal contained materials as catalysts

35,36

. However, since we used K+ contained base

solution as one of our reactants when synthesizing the materials, and the synthesized Ln2O2CO3
materials are doped with dopants by the Van Der Pauw Conductivity tests, and the only possible
dopant in the synthesis process is the p-type dopant K+, the leaching amounts of K+ in biodiesel
reactions were tested as well.

4.4.1. Potassium Amount Test by Flame Atomic Absorption Spectrometer (FAAS)
The potassium amount in solid Ln2O2CO3 materials tested by FAAS is shown in Table 13, Nd2O2CO3 layered material has the largest amount (1.45 wt.%) of potassium among these
Ln2O2CO3 materials; this matched the structure defects amount we observed in TEM data. And
the comparisons between the potassium amount before and after 4 cycles of biodiesel reactions
have shown that the potassium amount is been lost during the reaction process. Even though,
according to the calculation of the actual weights of potassium in the solid catalysts, neither the
total potassium amount in fresh solid Ln2O2CO3 materials nor the lost potassium amount
(amount difference between fresh and recycled solid Ln2O2CO3 materials) is sufficient to achieve
more than 90 % of FAME yield as to the reported potassium contained catalysts 37,38.
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The approximate molar percentage of potassium in the solid Ln2O2CO3 materials was also
calculated. Take K-La2O2CO3 material for example; 1.35 wt.% K was detected by AAS, which
means, in 100 g of K-La2O2CO3 material, there are 1.35 g of K and approximate 98.65 g of
La2O2CO3 in the material. Then these masses were converted to moles by dividing their molar
mass separately. The molar percentage of potassium is the molar number of potassium divided
by the total molar number of potassium and La2O2CO3. The data showed that the molar ratios
between K+ and Ln2O2CO3 materials are all around 1:9. Thus the molar ratios between K+ and
Ln3+ are all around 1:18. Therefore, in the layered Ln2O2CO3 materials, about 1 Ln3+ in every 19
of Ln3+ was replaced by 1 K+.

Table 1-3. The potassium amount in fresh and recycled Ln2O2CO3 materials.

K+ Amount in
Ln2O2CO3

Materials (wt. %)

K+ Amount in
Recycled
Ln2O2CO3
Materials (wt. %)

La2O2CO3

1.35

0.77

11.5

Nd2O2CO3

1.45

1.12

12.5

Sm2O2CO3

1.10

0.47

10.0

Eu2O2CO3

1.03

0.42

9.5

Sample

K+ Amount in
Ln2O2CO3

Materials
(Mole. %)
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4.4.2. Potassium and Rare Earth Amount in Biodiesel Tests by X-ray Fluorescence (XRF)
The potassium and rare earth metal amount in biodiesel products tested by XRF is also
shown in Table 1-4. There is no detectable (detect limit: 1 ppm) rare earth leaching in the
biodiesel products. Even though we had potassium losing during the reaction process, most of
potassium ions were leached into the methanol phase instead of the biodiesel products; the
amounts of potassium we could trace by XRF are all under the limitation of alkali metal amount
(5 ppm) by ASTM (American Society for Testing and Materials). The leaching tests also
suggested these potassium modified layered Ln2O2CO3 materials are stable in the biodiesel
reaction.

Table 1-4. The potassium and rare earth metal amount in biodiesel.

Sample

K+ Amount in
Biodiesel Product
(ppm)

Ln3+ Amount in
Biodiesel Product
(ppm)

La2O2CO3

1.4

ND

Nd2O2CO3

ND

ND

Sm2O2CO3

2.5

ND

Eu2O2CO3

4.5

ND

ND: Not Detected
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4.5. Proposed Mechanism
Based on the TEM, conductivity tests and the leaching tests data, the potassium in the
Ln2O2CO3 layered structures plays a key role for the biodiesel catalytic reactions. The
mechanism of the catalytic biodiesel reactions is shown in Scheme 1-1 and the structure of the
rare earth layered materials was generated by CrystalMaker Software based on the data from
JCPDS 37-0804. There are two catalytic active sites in the Ln2O2CO3 layered materials; the
major catalytic activity is from the potassium doping site, shown in Scheme 1-1. The p-type
dopant generated a higher electron density in the potassium position and oxygen vacancy in the
original oxygen sites, thus, the hydrogen in hydroxyl group would bond to the potassium and the
oxygen in the hydroxyl group would bond to the vacancy. The bond between hydrogen and
oxygen would break and then a methoxide group will leave the catalytic materials and react with
triglycerides to form FAME. Other reaction active sites could be the carbonate groups between
the layers, as shown in Scheme 1-1. The basic sites of the carbonate group could also attach to
the hydrogen in hydroxyl group and generate the methoxide group for the next reactions. The
reactions between triglycerides and methoxides are also shown in Scheme 1-1, step by step. The
hydroxide ions produced from the last step of the reaction would go back to the materials and
bond to the hydrogen that had been left there and form water to be recycled in these biodiesel
reactions.
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Scheme 1-1. Catalytic mechanism of Ln2O2CO3 layered materials in biodiesel reactions.
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CHAPTER 5. CONCLUSIONS

We report a high FAME yield (> 95 %) under mild reaction conditions and short reaction
time by using potassium modified layered Nd2O2CO3 material as a heterogeneous catalyst in
biodiesel reactions and a ~80 % FAME yield under mild reaction conditions and short reaction
time by using potassium modified layered Ln2O2CO3 (Ln: La, Sm, Eu.) materials as a group of
heterogeneous catalysts in biodiesel reactions. The catalysts have no rare earth element leaching
and under ASTM biodiesel conditions there is little alkali element leaching into the biodiesel
production. The Ln2O2CO3 materials are prepared by an instant co-precipitation method followed
by the reflux method and characterized by XRD, TGA, SEM, TEM and BET. The comparisons
between synthesized Ln2O2CO3 materials and the industrial homogeneous KOH catalysts have
suggested Ln2O2CO3 materials are promising candidates for industrial use. The recyclability and
stability tests showed the Ln2O2CO3 materials especially Nd2O2CO3 as ideal catalyst for fast
industrial biodiesel production. This is the first group of materials reported as being highly active
with low energy consumption for these heterogeneous catalysts in biodiesel reactions without
leaching problems.
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PART 2
The Study of Biodiesel Production by using ZnO/ Ln2O2CO3 (Ln: La, Nd) as
Heterogeneous Catalysts
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CHAPTER 1. INTRODUCTION

1.1.Overview
In this part of the research, based on the previous research we have published36, we
investigated ZnO / Ln2O2CO3 (Ln: La, Nd) as catalysts in biodiesel reactions. The role of ZnO in
the catalytic reactions has also been studied and evaluated. Different ratios of ZnO to Ln2O2CO3
catalysts were synthesized by a co-precipitation method followed by an overnight reflux method,
and characterized by XRD, TGA, SEM, TEM, BET, ICP etc. The FAME yields as a function of
different ratios of ZnO in the catalysts were investigated. ZnO enhanced the catalytic activity of
La2O2CO3 layered materials but had no effect in the catalytic activities of Nd2O2CO3 materials.
More than 90 % of biodiesel yield can be achieved at 95 °C within 30 min by using 3.0 wt.% of
ZnO/La2O2CO3 by conventional heating method. The pure Nd2O2CO3 catalyst has better
performance than pure La2O2CO3 catalyst while ZnO/La2O2CO3 mixed catalyst at a certain ratio
is almost as efficient as pure Nd2O2CO3 layered materials in biodiesel reactions. All the results
show that the synthesized ZnO/La2O2CO3 material is a potential ideal catalyst for industrial
biodiesel production.

1.2.Significance and Background
Developing alternative energy becomes the one of the top goals of researchers all over the
world due to the increasing cost and shortage of fossil fuel. Among all kinds of new energy
sources, biodiesel has received considerable attention. Biodiesel is a renewable fuel which can be
produced from the transesterification of vegetable oils or animal fats. The advantages of
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biodiesel are not only its renewability and lower toxicity, and also because this does not require
any modification of the standard diesel engine which could eliminate a huge effort to redesign
the existing engine 1,2,4. The major components of vegetable oils such as canola oil, soybean oil,
as well as animal fats are triglycerides (TG); short chain alcohols are usually used as another
reactants to achieve the transesterification process

37,38

. The simplified 3-step chemical reaction

mechanisms are presented in Fig. 2-1, where R1, R2, R3 are long-chain hydrocarbons, sometimes
called fatty aid chains. In the process of the reaction, the triglyceride is stepwisely converted to
diglyceride, monoglyceride, and finally glycerol, one mole of alcohol is involved for each
conversion step. The final products, fatty acid methyl esters (FAME), are our desired products
3,39

. These biodiesel reactions need catalysts unless under supercritical conditions (high pressure,

high temperature, and a high methanol oil ratio). Because of the importance and advantages we
mentioned in part 1 of this thesis

10,40,41

, in this research, more heterogeneous catalysts were

synthesized and investigated for biodiesel reactions.
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Figure 2-1. 3-steps reaction mechanism of transesterification reaction 3.
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION

2.1. Catalysts Synthesis
All reagents used are analytical grade. The ZnO/ Ln2O2CO3 solid catalysts were prepared
by a co-precipitation method followed by an overnight reflux method. Different ratios of
Zn(NO3)2.6H2O and Ln(NO3)3.6H2O (Ln: La, Nd) were dissolved in 100 mL distilled deionized
water separately. After being totally dissolved, they were mixed. The mixed solutions were
heated up to 85 °C seperately. KOH (0.30 mol) and K2CO3 (0.30 mol) were dissolved in 400 mL
deionized water to make a basic mixed solution. Dropwisely the basic mixture was added into
the hot mixture of Zn(NO3)2.6H2O and La(NO3)3.6H2O until the pH reached 10.0. The hot white
slurry was transferred into a round-bottom flask, placed under the reflux oil bath at 100 °C
overnight, and the white products were washed by using D.D.I. water until the pH of the
products was the same to the D.D.I. water. The solid products were dried at 120 °C overnight.
Before using the raw products as catalyst, they were calcined at 550 °C for 6 hours.

2.2. Characterization Methods
2.2.1. Powder X-ray Diffraction (XRD)
The powder X-ray diffraction (XRD) patterns were obtained using a Rigaku Ultima IV
diffractometer using Cu Kα (λ = 0.15406 nm) X-ray radiation with a beam voltage of 40 KV and
44 mA beam current. XRD patterns were collected from 5° to 75° in a continuous mode using a
scan rate at 2°/min.
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2.2.2. Scanning Electron Microscope (SEM)
The crystal morphologies of the samples were investigated using an environmental
scanning electron microscope (ESEM) FEI Quanta FEG 250 with an accelerating voltage of 2
KV. The powder samples were ultrasonically dispersed in ethanol to prepare the SEM analysis
samples. The suspensions were deposited on a gold-coated silicon wafer, and allowed to dry in a
vacuum system overnight. The wafer was then mounted onto a stainless steel sample holder with
carbon tape.

2.2.3. Transmission Electron Microscopy (HRTEM)
High resolution transmission electron microscopy (HRTEM) studies were carried out
using a JEOL 2010 instrument with an accelerating voltage of 200 kV. The samples were
prepared by dispersing the material in methanol. Then a drop of the dispersion was placed on a
carbon coated copper grid and allowed to dry.

2.2.4. Thermogravimetric Analyses (TGA)
Thermogravimetric analyses (TGA) were carried out on a Hi-Res TA 2950
thermogravimetric analyzer with flow rate of 60 mL/min of air from 25 °C to 850 °C at a heating
rate of 10 °C /min.
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2.2.5. Temperature Programmed Desorption (TPD-CO2)
Temperature programmed desorption (TPD-CO2) was carried out in a tube furnace with a
MS gas analyzer. Synthesized solid materials (before calcination) were placed in a quartz reactor
and then pretreated at 550 °C for 6 h. After the pretreatment, a pure CO2 gas (20 mL/min) was
fed at room temperature for 2 h, followed by feeding He flow (20 mL/min) for another 2 h to
remove the physically absorbed CO2. The basic sites of the catalyst was analyzed by following
the m/z = 44 signal with the temperature range from 25 °C to 550 °C in pure He flow (20
mL/min).

2.2.6. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
Elemental analysis was carried out with inductively coupled plasma optical emission
spectroscopy by an ICAP 61E Trace Analyzer instrument. The solid samples were firstly
digested in nitric acid and then diluted to a designed concentration within the calibration curve
range. The instrument was calibrated with the standard solutions before testing the samples, and
the standard solutions were prepared from the Alfa Aesar Specpure Spectrochemical Analytical
standards solutions.

2.3. Catalytic Reactions and Products Analysis
2.3.1. Biodiesel Reactions
Biodiesel reactions were carried out in a temperature controlled oil bath. In a typical
reaction, 2.5 g Canola oil and 2.5 g methanol were mixed with 0.25 g (5 wt.%) solid catalysts
into a vial. The reactants were isolated from the vial cap by a blue PTFE face silicone to make
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the vial completely sealed. And reactions were carried out at 95 °C and with a vigorous stirring
rate of 900 rpm. In this part of the research, effects of different reaction conditions such as
reaction temperature, reaction time, methanol oil ratio and amount of catalyst used in the
reactions were all evaluated.

2.3.2. Biodiesel Yield Tests by Gas Chromatograph
A HP 5890 Serious II gas chromatograph coupled with a FID detector and a Restek
Biodiesel TG column with dimensions of 14 m x 0.53 mm x 0.16 μm was used to test the yield
of biodiesel. The GC sample were prepared by the following procedure: First, the biodiesel
reaction mixture was centrifuged into two layers; 1.00 mL of oil layer of the biodiesel products
and 1.00 mL of THF were completely mixed in a vial; 100µL of the above mixture were
transferred to another vial and air evaporated in the hood for at least 10 min. Second, 10.0 mL of
mixed solvent of THF and heptane at a volume ratio of 1:4 was added into the 100 µL oil
product after evaporation. Last, 1.00 mL of the mixture from last step was transferred into a
small vial with PTFE blue face silicone in the cap, 50.0 µL of MSTFA (N-Methyl-N(trimethylsilyl)trifluoroacetamide) was added, and the mixture was allowed to stand at room
temperature for at least 20 minutes before being analyzed by GC.
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CHAPTER 3. RESULTS

3.1. Characterization Results
3.1.1. Powder X-ray Diffraction (XRD)
X-ray diffraction (XRD) patterns of ZnO/ Ln2O2CO3 materials are shown in Fig. 2-2 (a)
and Fig. 2-2 (b). For the mixture materials of ZnO and La2O2CO3 in Fig. 2-2 (a), the intensity of
peaks is corresponding to the amount of these two phases, and there were new phases appeared
in some of the mixtures besides ZnO/ La2O2CO3 materials based on the XRD patterns. These
new phases are the La/Zn hybrids layered structure materials, and they are probably the key for
obtaining a higher FAME yield compared to the pure K-La2O2CO3 we obtained in Part 1 for
biodiesel reactions.
However, for the mixture materials of ZnO and Nd2O2CO3 in Fig. 2-2 (b), there are only
two phases physically mixed with each other; the peaks for ZnO become more intense as the
increasing amount of zinc nitrate as starting materials. And the zinc component here would not
improve the biodiesel catalytic reactions.
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Figure 2-2. (a) XRD patterns of ZnO/ La2O2CO3 materials at different Zn:La ratios,
La2O2CO3

: ZnO; and

: new Zn-La layered materials.

:
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Figure 2-2. (b) XRD patterns of ZnO/ Nd2O2CO3 materials at different Zn:Nd ratios,
Nd2O2CO3;

: ZnO.

:
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10µm

10µm

Figure 2-3. SEM images of ZnO/La2O2CO3 at different ratios before calcination (Zn/La = a 1/5,
b 1/2, c 2/1, d 5/1) and after calcination (e, 1/5, f 1/2, g 2/1, h 5/1).

56

Figure 2-4. SEM images of ZnO/Nd2O2CO3 at different ratios before (Zn/Nd = a 1/5, b 1/1, c
5/1) and after calcination (Zn/Nd = a 1/5, b 1/1, c 5/1).
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3.1.2. Scanning Electron Microscope (SEM)
The images of environmental scanning electron microscopy (ESEM) of the ZnO/La2O2CO3
materials at different ratios before calcination and after calcination are shown in Fig. 2-3. The
nano-fiber like morphology of ZnO was formed in both before and after calcination materials.
The increasing amount of ZnO led to smaller aggregates of the mixed materials. And the ESEM
images (Fig. 2-4) for both ZnO/La2O2CO3 and ZnO/Nd2O2CO3 materials at different ratios have
shown they are physically mixed.

3.1.3. Transmission Electron Microscopy (HRTEM)
Transmission electron microscopy (TEM) images of the selected ZnO/Ln2O2CO3 materials
(Zn:Ln=1:5) are shown in In Figs. 2-5. (a) - (d); the microstructure characterization has
confirmed the nanorod aggregates structure with ESEM images. The La2O2CO3 material is more
uniform than Nd2O2CO3 materials, this also agreed with the results we obtained in Part 1.
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a

b

c

d

Figure 2-5. TEM images of ZnO/Ln2O2CO3 materials (Zn:Ln=1:5), Ln: La (a) (b), Nd (c) (d).
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3.1.4. Thermogravimetric Analyses (TGA)

Figure 2-6. TGA of selected ZnO/La2O(CO3)2 (Zn:Ln=1:2) before calcination36.

Thermalgravimetric analysis (TGA) is shown in Fig. 2-6; the first major weight loss of
La2O(CO3)2 materials was taken place at 453 °C, which is due to the transformation of
La2O(CO3)2 into a La2O2CO3 layered materials by losing CO2, and the second major weight loss
at 665 °C is due to the formation of Ln2O3 materials from the collapse of the layers in La2O2CO3
materials, detailed discussion of thermalgravimetric anslysis is shown in part one of this thesis.
The total weight loss from La2O(CO3)2 is less than 25 %, and there is no contribution to the
weight loss from ZnO36.
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3.1.5. Temperature Programmed Desorption (TPD-CO2)

Figure 2-7. TPD-CO2 profile of selected ZnO/La2O2CO3 (Zn:Ln=1:2)36.

The TPD-CO2 measurements were carried out for selected samples: pure La2O(CO3)2, pure
ZnO and mixed ZnO/La2O(CO3)2 (Zn:Ln=1:2) catalysts to determine the basic strength of the
catalyst. The corresponding TPD profiles are shown in Fig. 2-7. The catalysts exhibit two
desorption ranges. The weak basic sites desorption happened around 80 °C and strong basic sites
desorption happened between 200 °C and 400 °C

42

. Results from comparison with the strong

basic sites on pure ZnO and pure La2O2CO3 showed that the ZnO/La2O(CO3)2 catalysts are more
basic than either pure ZnO or pure La2O2CO3. Pure ZnO material has shown a great deal of weak
basic sites but few strong basic sites, but mixing ZnO/ La2O2CO3 materials have shown stronger
basic sites than the simple combination of the pure ZnO and pure La2O2CO3 materials; these
strong basic sites are probably due to the new phases of Zn-La layered materials.
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3.2. Catalytic Reactions Results
3.2.1. The Effect of ZnO Amount in ZnO/La2O2CO3 in the Biodiesel Catalytic Reactions.
The FAME yields as a function of Zn to La ratios are shown in Fig. 2-8. The yield of
biodiesel increases with increasing amounts of Zn in the solid catalysts until Zn:La reached 4:10.
However, when Zn is the domainant metal in the mixed catalysts, the biodiesel yield started to
drop, and pure ZnO catalyst has almost no catalytic activity.
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Figure 2-8. FAME yields as a function of the Zn to La ratio.
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3.2.2. The Effect of ZnO Amount in ZnO/Nd2O2CO3 in the Biodiesel Catalytic Reactions
However, the results of FAME yield as a function of the Zn to Nd ratios in Fig. 2-9. have
shown that ZnO has no positive impact on the catalytic activity of Nd2O2CO3 material. This also
agreed with the XRD data that the ZnO and Nd2O2CO3 are just physically mixed at a certain
ratio. Addition of ZnO in the Nd2O2CO3 catalyst is only diluting the catalyst weight percentage
in the biodiesel reactions.
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Figure 2-9. FAME yields as a function of the Zn to Nd ratio.
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3.2.3. Effect of Potassium Amount of Catalysts in Transesterification Reactions
In Fig. 2-10, increasing amount of potassium in the catalysts led to higher FAME yields.
The result also suggested that the potassium residue only exists in Nd2O2CO3, which also
matched the discussion we mentioned in Part 1 of this thesis. Detailed mechanisms of the role of
potassium in biodiesel catalytic reactions are also given in Part 1 of this thesis.

Figure 2-10. FAME yields as a function of Zn to Nd ratio and the amount of potassium in the
catalysts (conventional heating method; reaction temperature: 95 °C; reaction time: 1 hour;
catalysts weight percentage: 5 %; MeOH: Oil =1 by weight).
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CHAPTER 4 DISCUSSION

In the previous study in our group, the catalytic studies of ZnO/La2O(CO3)2 (Zn:Ln = 1:2)
as biodiesel catalyst were done by using a microwave heating method

36

. In this discussion, the

detailed catalytic studies of the same catalyst as a biodiesel catalyst were carried out by a
conventional heating method.

4.1. Effect of the Reaction Temperature in Transesterification Reactions
Fig. 2-11 shows the FAME yields on the ZnO/La2O(CO3)2 (Zn:Ln=1:2) catalysts as a
function of temperature. More than 95 % of FAME yield was obtained when the reaction
temperature was at 85 °C, promising high catalytic activity of the catalysts under mild reaction
conditions.
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Figure 2-11. FAME yields as a function of reaction temperacture by ZnO/La2O(CO3)2
(Zn:Ln=1:2) catalyst (conventional heating method; reaction time: 1 hour; catalysts weight
percentage: 5 %; MeOH: Oil =1 by weight).
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4.2. Effect of the Reaction Time in Transesterification Reactions
As shown in Fig. 2-12, the reaction almost reached equilibrium after only 20 min at 95 °C,
and the yield of FAME was more than 95 % after 30 min; thus, the ZnO/La2O(CO3)2
(Zn:Ln=1:2)

materials are promising for the transesterification reaction with low time

consumption. The prepared ZnO/La2O(CO3)2 (Zn:Ln=1:2) is a very efficient catalyst under
conventional heating compared with the reported heterogeneous catalysts41,43-47.
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Figure 2-12. FAME yields as a function of time by ZnO/La2O(CO3)2 (Zn:Ln=1:2) catalysts
(conventional heating method; reaction temperature: 95 °C; catalysts weight percentage: 5 %;
MeOH: Oil =1 by weight).
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4.3. Effect of Amount of Catalysts Used in Transesterification Reactions
The effect of amount of catalysts on the transesterification reaction was evaluated by
varying the catalysts between 1 wt.% and 5 wt.% while other reactions conditions remained the
same. The results listed in Fig. 2-13 demonstrate clearly that the ZnO/La2O2CO3 catalysts have
really high (>95 % FAME yield) catalytic activity in the biodiesel reactions system; 3 wt.% of
above catalysts can lead to more than 90 % of FAME yield.
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Figure 2-13. FAME yields as a function of catalysts weight percentage by ZnO/La2O(CO3)2
(Zn:Ln=1:2) catalysts (conventional heating method; reaction temperature: 95 °C; reaction time:
1 hour; MeOH: Oil =1 by weight).
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4.4. Effect of Methanol to Oil Molar Ratio in Transesterification Reactions
According to Fig. 2-1, stoichiometrically three moles of methanol are needed to
completely convert one mole of oil to three moles of FAME. However, in reality the reaction
requires a large excess of methanol (2~10 times more) to shift the equilibrium favorably

38,48

.

Therefore, to study how the methanol to oil ratio affects the FAME yields is another important
limitation of biodiesel reactions. In Fig. 2-14, different methanol to oil ratios were evaluated
while other reactions conditions remained the same. Higher than 90 % of FAME yield can be
obtained when the molar ratio was about 12:1.
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Figure 2-14. FAME yields as a function of methanol oil molar ratio by ZnO/La2O(CO3)2
(Zn:Ln=1:2) catalysts (conventional heating method; reaction temperature: 95 °C; reaction time:
1 hour; catalysts weight percentage: 5 %).
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4.5. Effect of Water in Transesterification Reactions
As illustrated in the following equation, formation of FAME is a reversible reaction, water
can hydrolyze biodiesel back to methanol and free fatty acids, thus poisoning the reactions 49.
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Figure 2-15. FAME yields as a function of water percentage in the reaction system
(conventional heating method; reaction temperature: 95 °C; reaction time: 1 hour; catalysts
weight percentage: 5 %; MeOH: Oil =1 by weight).
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Therefore, we also have evaluated how water affects the biodiesel catalytic reaction, as
shown in Fig. 2-15; the FAME yield dramatically dropped with the increasing amount of water
introduced into the reaction system. This is probably the only drawback of this ZnO/La2O(CO3)2
(Zn:Ln=1:2) catalysts.

4.6. Recyclability Tests of ZnO/La2O(CO3)2 (Zn:Ln=1:2) Catalysts
Another one of the most important factors for catalytic reactions is the recyclability and
stability of catalysts. The tests have been carried out by reusing the catalyst recycled from
pervious run directly (no treatment process) for the first three cycles while the forth cycle was
using the materials collected from the third run and re-calcined under air at 550 oC for 2 hours.
After the 3rd cycle of biodiesel reactions (Fig. 2-16), the FAME yield has dramatically dropped
to ~35 %. The dropping of FAME yield after runs was probably due to the active sites in layered
materials being blocked by oil after 3 cycles of reactions. On the 4th cycle, catalysts were
collected from the 3rd run and activated re-calcined under air at 550 oC for 2 hours before
running. We have obtained ~90 % of FAME yield for the Nd2O2CO3 catalyst. These tests
suggested the catalysts are recyclable and still stable after the 4th cycle. Therefore, the
ZnO/La2O(CO3)2 (Zn:Ln=1:2) catalysts could be used as efficient and stable catalysts in the
industrial process.
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Figure 2-16. FAME yields as a function of cycle number in the biodiesel reaction system
(conventional heating method; reaction temperature: 95 °C; reaction time: 1 hour; catalysts
weight percentage: 5 %; MeOH: Oil =1 by weight).
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CHAPTER 5. CONCLUSIONS

ZnO / Ln2O2CO3 (Ln: La, Nd) at different metal ratio as catalysts in biodiesel reactions
and the role of ZnO in the catalytic reactions has been studied and evaluated. The FAME yields
as function of and different ratio of ZnO in the catalysts were investigated. ZnO was physically
mixed with Ln2O2CO3 materials, especially for Nd2O2CO3 layered material, ZnO plays no role in
the catalytic reactions but dilutes the catalyst concentrations. On the other hand, La2O2CO3
layered materials were enhanced by ZnO because of new phases appeared besides the ZnO and
La2O2CO3 materials. More than 90 % of biodiesel yield can be achieved at 95 °C by using 3.0
wt.% of ZnO/La2O2CO3 with certain metal ratios within 30 min by conventional heating. The
pure Nd2O2CO3 catalyst has better performance than pure La2O2CO3 catalyst while
ZnO/La2O2CO3 mixed catalyst at a certain ratio is almost as efficient as pure Nd2O2CO3 layered
materials in biodiesel reactions. All the results have shown that the synthesized ZnO/La2O2CO3
material as the potential ideal catalysts for industrial biodiesel production.
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PART 3
Ongoing Work
Preliminary Study of the Hybrids of Nickel - Cobalt and Nickel - Zinc Layered Hydroxide
Materials and their Electrochemical Properties
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CHAPTER 1. INTRODUCTION

1.1. Overview
In this research, mixed metal hydroxides in different metal ratios were synthesized by a
reflux methods. Different layered structured hydroxide materials were obtained by varying the
ratio of metal salts in the starting materials. The synthesized materials were characterized by
XRD, SEM, TEM, IR, and the electrochemical property of the metal hydroxides was evaluated
by CV and RDE. The hybrid Ni-Co hydroxide and Ni-Zn hydroxide system with more than 90
% of nickel hydroxide showed the best performance in electrochemical property tests. Further
study is needed to investigate the relationship between the layered structures and the
electrocatalytic activity.

1.2. Significance and Background
The oxygen reduction reaction (ORR) at the cathode of fuel cells is one of the most
important factors for the whole performance of fuel cells, metal-air batteries, and energy-saving
brine electrolytic processes 50. There are two possible pathways in the oxygen reduction reaction,
as shown in the following equations: an efficient four-electron pathway and a less efficient twostep, two-electron pathway. In the four-electron pathway, the oxygen combines directly with
electrons and protons when coupled with oxidation on the anode, water will be produced as the
product; and the two-step, two-electron pathway will produce of hydrogen peroxide ions as an
intermediate 51.
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Four-electron Pathway

Two-electron Pathway

Active ORR electrocatalysts are essential for the performance of the fuel cells. Currently
platinum based material electrodes are mostly used in fuel cells. Despite their high cost, these
platinum based electrodes also suffer some other problems such as CO deactivation

52,53

.

Therefore, developing new ORR electrocatalysts has become an attractive study of many
researchers. Transition metal hydroxides, especially nickel hydroxide, cobalt hydroxide and zinc
hydroxide have received increased interest because of their unique electrochemical properties
and potential applications in batteries, fuel cells, and catalysts

54-56

. Recent studies have shown

that the hybride of layered nickel and cobalt hydroxide exhibits high electrocatalytic activity due
to their active interlayer region 57. The addition of cobalt oxide to a nickel oxide matrix enhances
the electrochemical reversibility and conductivity of nickel oxide

58

. In this study, we have

synthesized hybrids of α-nickel, cobalt, and zinc hydroxide, and their electrochemical properties
have also been evaluated by cyclic voltammetry (CV) and rotating disk voltammetry (RDV)
experiments.
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION

2.1. Materials and Reagents
All the chemicals in this research were purchased from standard laboratory chemical
manufacturing companies and used without any further treatment unless mentioned otherwise.
And all the chemicals were analytical grade.

2.2. Catalysts Synthesis
Ni(NO3)2.6H2O, Co(NO3)2.6H2O or Zn(NO3)2.6H2O were mixed at certain ratios, and the
total number of moles were maintained at 0.01 mol, and 0.01 mol urea was added to the above
transition metal nitrate mixture then dissolved into 20.0 mL D.D.I. water and 50 mL ethanol. The
mixed solution was stirred until clear then placed in a 100 °C reflux system for 20 hours. The
precipitation product was washed with D.D.I. water and ethanol throughout, then dried at 80 °C
overnight.

2.3. Characterization Methods
2.3.1. Powder X-ray Diffraction (XRD)
The powder X-ray diffraction (XRD) patterns were obtained by Rigaku Ultima IV
diffractometer using Cu Kα (λ = 0.15406 nm) X-ray radiation with a beam voltage of 40 KV and
44 mA beam current. XRD patterns were collected from 5 ° to 75 ° in a continuous mode using a
scan rate at 2 °/min.
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2.3.2. Scanning Electron Microscope (SEM)
The powder samples were ultrasonically dispersed in ethanol to prepare the SEM analysis
samples. The suspensions were deposited on a gold-coated silicon wafer, and allowed to dry in
vacuum system overnight. The wafer was then mounted onto a stainless steel sample holder by
carbon tape. The crystal morphologies of the samples were investigated using an environmental
scanning electron microscope (ESEM) FEI Quanta FEG 250 with an accelerating voltage of 2
KV.

2.3.3. Transmission Electron Microscopy (HRTEM)
High resolution transmission electron microscopy (HRTEM) studies were carried out
using a JEOL 2010 instrument with an accelerating voltage of 200 kV. The samples were
prepared by dispersing the material in methanol. Then a drop of the dispersion was placed on a
carbon coated copper grid and allowed to dry.

2.3.4. Energy Dispersive X-ray analysis (EDX)
Chemical compositions of the powder samples were determined by energy dispersive Xray analysis (EDX) in an Amray model 1810D. The analyses were conducted at 20.0 kV with Xray spectra acquired and processed with an Amray model PV 9800 EDS system.
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2.3.5. Electrocatalytic Activity
Cyclic voltammetry was used to test the electrocatalytic activity of mixed layered
hydroxide. Gas-diffusion electrodes were homemade. Synthesized sample was mixed with
carbon powder in a 1:1 ratio by weight, and ﬁve drops of 25 wt.% PTFE were added. The
mixtures were suspended in isopropanol and sonicated for 5 mins. The cell setup consisted of the
above sample mixture on pyrolytic graphite as the working electrode, a saturated calomel
electrode (SCE) as a reference electrode, Pt as a counter electrode, and a 1.0 M KOH solution as
the electrolyte. The numbers of electrons transferred in the electrode were also investigated by
Rotating Disk Voltammetry (RDV) experiments. Gas-diffusion electrodes were made with the
same procedure as that used in cyclic voltammetry experiments. And the cell set up was also the
same as the CV set up, except that the working electrode was rotating at certain rates. In the
electrocatalytic activity tests, oxygen reduction potentials and peak currents were obtained after
the electrolyte solution KOH was saturated with oxygen gas.
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CHAPTER 3. PRELIMINARY RESULTS

3.1. Characterization Results
3.1.1. Powder X-ray Diffraction (XRD)
X-ray diffraction was used to study the phase purity of the obtained Ni-Co hydroxides, as
shown in Fig. 3-1; pure nickel hydroxide and pure cobalt hydroxide have shown similar
structures with the same XRD peaks. All of the reflections in XRD patterns were consistent with
the pattern reported for the layered hydroxides with a general formular of M(OH)2-xAn-x/n ·yH2O
(M: metal; A: anion)

54,55,59,60

. The first peak at 12.5 two theta degree corresponded to the (001)

plane with an interlayer spacing around 7.1 Å indicated that all these metal layered hydroxides
are the alpha forms 61.
The XRD patterns for Ni-Zn hydroxides are shown in Fig. 3-2. Solid material consisted of
a pure phase of zinc hydroxide nitrate with a formula of Zn5(OH)8(NO3)2·2H2O was formed
when only zinc nitrate was used as initial reactant

44

. The zinc-nickel hydrotalcite structures are

formed when nickel is the domain metal in the materials. The first peak at 10.9 two theta degree
with a basal spacing around 8.1 Å correspond to the (003) plane, and the second peak at 22.2
degree and the third peak at 33.4 degree correspond to the (006) and (009) plane respectively 62.
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Figure. 3-1. X-ray diffraction patterns of Ni-Co hydroxides.
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Figure. 3-2. X-ray diffraction patterns of Ni-Zn hydroxides.
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3.1.2. Scanning Electron Microscope (SEM)
The SEM images of Ni-Co hydroxides are shown in Figs. 3-3. The nickel domain
hydroxides (Figs. 3-3 a, c) are composed of uniform, 3D flowerlike structures approximately 2−3
µm in diameter. The detailed morphology of the flowerlike nanostructures is shown in Figs. 3-3
b and d, which reveals that these flowerlike structures are made up of thin curved 10-20 nm thick
nanoflakes with smooth surfaces. These nanoflakes were growing with each other to form 3D
flowerlike structures, and the nickel domain hydroxides (Figs. 3-3. e, g) are composed of
uniform flake aggregates of approximately 10−20 µm in diameter. The detailed morphologies of
the flowerlike nanostructures are shown in Figs. 3-3 f and h, which reveal that these flowerlike
structures are built from thin nanoflakes with relatively sharper edges and larger flake sizes.
The SEM images of Ni-Zn hydroxides are shown in Figs. 3-4. The nickel domain
hydroxide (Figs. 3-4. e, f) is composed 3D flake aggregates. The morphology of Zn domain
hydroxide (Figs. 3-4. d, e) revealed that Zn layered hydroxide are physically mixed with nickel
layered hydroxide, which agreed with the XRD data we obtained, a pure zinc hydroxide has a
pellet like layered structure.

3.1.3. Transmission Electron Microscopy (HRTEM)
The HRTEM images of selected Ni-Co hydroxides are shown in Figs. 3-5. These agree
with the flake morphology we observed in SEM. The layered structure with a d spacing at 0.71
nm we observed in Fig. 3-5 d corresponds to the (001) plane. The 0.35 nm and 0.23 nm d
spacings correspond to the (002) and (101) planes respectively.
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Figure. 3-3. SEM images of Ni-Co hydroxides at different Ni:Co ratios.
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Figure. 3-4. SEM images of Ni-Zn hydroxides at different Ni:Co ratios.
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Figure. 3-5. HRTEM images of selected Ni-Co hydroxides at different Ni:Co ratios.
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3.1.4. Energy Dispersive X-ray Analysis (EDX)
The EDX results listed in Table 3-1 have shown that nickel is easier to put into the
structure than cobalt because the atomic ratios of nickel in the materials are higher (2~15 %
higher) than the initial ratios in the starting materials. The mappings of these two metals show
that they are uniformly distributed in the structure.

Table 3-1. Atomic percentage measurement of Ni-Co hydroxides by EDX.

Ni in Starting
materials

Co in Starting
materials

(Atomic. %)

(Atomic. %)

7.5

90

10

76.5

10

90

Ni

Co

(Atomic. %)

(Atomic. %)

92.5
23.5
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3.2. Electrocatalytic Activity Tests Results
As shown in Fig. 3-6, the electrocatalytic activity for both cobalt substituted nickel
hydroxide and zinc substituted nickel hydroxide were enhanced in the oxygen reduction reaction.
The two reduction peaks for all the samples suggested that oxygen is reduced in two steps

63

and

the calculation in Fig. 3-7 showed that the oxygen reduction reaction is mostly a four electrons
transferred pathway. The huge reduction current for zinc substituted nickel hydroxide also
suggesst that four elections transferred in the ORR55. The numbers of electron transferred in
ORR were calculated by the Koutecky-Levich equation:

in which,

is the kinetic current,

electrons transferred,
(0.185 cm2),

is the diffusion limiting current,

is Faraday constant (96500 C/mol),

is the rate constant for oxygen reduction,

oxygen in 0.1 M KOH (1.14×10-6 mol/cm3),
cm2/s),

is the geometric electrode area
is the saturated concentration of

is the diffusion coefficient of oxygen (1.73×10-5

is the kinetic viscosity of electrolyte (0.01 cm2/s),

(rad/s) 61,64,65.

is the overall number of

is the rotation rate of the electrode
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a

b

Figure. 3-6. Cyclic voltammetry of selected samples (a) comparison between Ni-Co hydroxides
and pure nickel hydroxide; (b) comparison between Ni-Zn hydroxides and pure nickel
hydroxide.
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Figure. 3-7. The calculation of numbers of electron transferred for Ni:Co=9:1 hydroxide catalyst
in the oxygen reduction reactions.
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CHAPTER 4. CONCLUSIONS

The reflux method is an effective method for the synthesis of the alpha form of mixed
transition metal hydroxides. The electrocatalytic activity of the Ni-Co hybrid hydroxide was
enhanced by substituting for nickel either by cobalt or zinc. Further study is needed to investigate
the relationship between the layered structures and the electrocatalytic activity.
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FUTURE WORK

1, Continuous studies of the modified rare earth layered materials and their application in
other areas as heterogeneous catalysts. In particular, a low-temperature fuel cell could be
obtained using rare earth based materials as both anode and cathode co-catalysts, and they could
also be used as the solid electrolytes in high temperature solid oxide fuel cells. They can be used
in the removal of H2S, NH3 and tars from syngas generated in biomass gasification, and also in
the application of the dehydration and dehydrogenation, such as alcohol to aldehydes or ketones.

2, More oxycarbonate materials can be synthesized by this precipitation and reflux method,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Al, can also be prepared and applied in different areas of the
catalytic studies, and mixed metal oxycarbonates materials and double layered oxycarbonates
materials can also be synthesized and studied. Especially for these metals that have both 2+ and
3+ charges, their oxycarbonate materials could have high oxygen or proton conductivity.

3, More electrocatalytic study can be done with the hybrids of nickel, cobalt and zinc
hydroxides. These hydroxide materials can also be calcined to oxides to see the change in
electrocatalytic activity. More metal hybrid layered materials can be synthesized using the same
method.
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Facile microwave-assisted hydrothermal synthesis of CuO nanomaterials and their
catalytic and electrochemical properties
Qiu, G., Dharmarathna, S., Zhang, Y., Opembe, N., Huang, H., Suib, S.L.
Journal of Physical Chemistry C 2012, 116, 468-477.
Abstract
In this work, CuO nanomaterials were synthesized via a facile microwave-assisted
hydrothermal process in Cu(CH3COO)2(0.1 M)/urea(0.5 M) and Cu(NO3)2(0.1 M)/urea(0.5 M)
aqueous systems at 150 °C for 30 min. The formation processes of copper oxides were
investigated, and their catalytic activities were evaluated by the epoxidation of alkenes and the
oxidation of CO to CO2. Their electrochemical properties were compared as supercapacitor
electrodes using cyclic voltammetry. Experimental results indicated that copper acetate solution
could be hydrolyzed to form urchin-like architectured CuO, and the addition of urea accelerated
this transformation. CuO nanoparticles were formed and aggregated into spheroidal form (CuO1) in Cu(CH3COO)2/urea aqueous solution. Cu2(OH)2CO3 was formed as an intermediate, and
then thermally decomposed into CuO nanorods (CuO-2) in the Cu(NO3)2/urea aqueous system.
The synthesized copper oxide nanomaterials exhibited excellent catalytic activities for the
epoxidation of alkenes, the oxidation of CO, and pseudocapacitance behavior in potassium
hydroxide solution. The increase of specific surface area promoted the catalytic activities and
conversions for olefins and CO. CO was oxidized to CO2 when the applied temperature was
higher than 115 °C, and conversion of 100 % was obtained at 130 °C. CuO-1 showed higher
catalytic activities and capacitance values than those of CuO-2 likely due to the former having a
larger specific surface area. This work facilitates the preparation of nanosized CuO materials
with excellent catalytic and electrochemical performance.
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Facile microwave-refluxing synthesis and catalytic properties of vanadium pentoxide
nanomaterials
Qiu, G.; Dharmarathna, S.; Genuino, H.; Zhang, Y.; Huang, H.; Suib, S. L.
ACS Catalysis 2011, 1, 1702-1709.
Abstract
Vanadium pentoxide nanomaterials were prepared by a facile microwave-assisted refluxing
reaction of VOSO4 and (NH4)2S2O8 solutions under atmospheric pressure at 100 °C for 1 h. The
synthesized products were characterized by X-ray diffraction, scanning electron microscopy,
Fourier transform infrared spectroscopy, thermogravimetric analysis, and Brunauer-EmmettTeller surface area measurements. The catalytic oxidation and photocatalytic activities of the
synthesized V2O5 were evaluated by oxidative cyanation of N,N-dimethylaniline in methanol and
photodegradation of N-nitrosodimethylamine (NDMA) in aqueous solution, respectively.
V2O5·xH 2O nanofibers were formed when VOSO4 and (NH4)2S2O8 solutions were irradiated
with microwaves under reflux conditions at 100 °C within 1 h. Nanostructured V2O5 was
synthesized by calcining V2O5·xH 2O at 280 °C for 12 h. The conversion of N,N-dimethylaniline
to N-methyl-N-phenylcyanamide increased with an increase in the amount of V2O5 catalyst. As
the amount of synthesized V2O5 increased from 10 to 15 mg, the conversion of N,Ndimethylaniline to N-methyl-N-phenylcyanamide reached 100 %, but the selectivity decreased
from 100 % to 96 %. N-methyl-N-phenylformamide was formed as a byproduct because of use
of excess V2O5. The as-synthesized V2O5 nanomaterials showed comparable photocatalytic
performance with commercial TiO2 (P-25) for the degradation of N-nitrosodimethylamine to
NO 3 - in water. This work provides a facile synthesis method of nanosized V2O5·xH 2O and
V2O5 with excellent catalytic activities.
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ZnO/La2O2CO3 layered composite: A new heterogeneous catalyst for the efficient ultra-fast
microwave biofuel production
Jin, L.; Zhang, Y.; Dombrowski, J. P.; Chen, C.H.; Pravatas, A.; Xu, L.; Perkins, C.; Suib, S. L.
Applied Catalysis B: Environmental 2011, 103, 200-205.
Abstract
The search for solid state materials with high catalytic activities and with no leaching into
the reaction medium is one of the key steps toward reducing the cost of producing biodiesel. We
report a high biodiesel yield (>95 %) in less than 5min under mild reaction conditions (<100 °C)
on a ZnO/La2O2CO3 heterogeneous catalyst, showing no catalyst leaching into the reaction
medium. The ZnO/La2O2CO3 catalyst is prepared by a co-precipitation method and characterized
by X-ray diffraction (XRD), thermogravimetric analyses (TGA), transmission electron
microscopy (SEM), and transmission electron microscopy (TEM). The fatty acid methyl ester
(FAME) yields as function of different amounts of catalyst was also investigated. Less than 1.0
wt.% catalyst can be used in the reaction to get higher than a 95 % FAME yield under mild
reaction conditions. The catalytic performance is maintained after storing the catalyst in Ar for a
month and no catalyst leaching into the products was found based on XRF analysis. The catalyst
has a higher reaction rate than the homogeneous KOH catalyst with the assistance of microwave
irradiation. All of these results promote the industrial application of the synthesized
ZnO/La2O2CO3 as an ideal catalyst for fast biodiesel production, avoiding many of the issues
found in both commercial and independently published catalysts.
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Abstract
We report a high biodiesel yield (> 95 %) in less than 5 minutes under mild reaction
conditions (< 100 °C) on a ZnO/La2O2CO3 heterogeneous catalyst showing no catalyst leaching
into the reaction medium. The ZnO/La2O2CO3 catalyst is prepared by a co-precipitation method
and characterized by XRD, TGA, SEM, TEM and N 2 adsorption. The FAME yield as function
of different amount of catalyst used was also investigated. Less than 1.0 weight % catalysts can
be charged into the reaction to get higher than 95 % FAME yield under mild reaction conditions.
The catalytic performance is maintained after storing the catalyst in Ar for a month and no
catalyst leaching into the products was found based on XRF analysis. The catalysts even have
higher reaction rates than the homogeneous KOH catalysts with the assistance of microwave
irradiation. All these results promote the industrial application of the synthesized ZnO/La2O2CO3
as an ideal catalyst for fast biodiesel production. This is the first example of a highly active and
low energy consuming heterogeneous catalyst without a leaching problem.
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Abstract
CuO is an important transition metal oxide with a narrow bandgap (Eg =1.2eV). CuO has
been used as a catalyst, a gas sensor, in anode materials for Li ion batteries. CuO has also been
used to prepare high temperature superconductors and magnetoresistance materials. In this paper,
CuO with urchin-like morphologies has been synthesized via a simple reflux method. The reflux
method has advantages over other solution-based techniques, such as ease of operation, safety,
and high yield (95 %). XRD results showed pure tenorite CuO was produced. FE-SEM exhibited
an urchin-like morphology of CuO, which is composed of aggregates of nanosized strips. HRTEM showed that the strips were single crystals with the lattice fringe of 2.3 Å, which
corresponds to (111). DSC and TGA results suggested that as-synthesized CuO had high thermal
stability. Time-dependent experiments were conducted to illustrate the evolution of the urchinlike morphology and crystal phase formation of CuO. The effects of copper sources and
precipitators on the phase and morphology of the products were studied. As-synthesized CuO
showed much better catalytic performance, increased yield (from 64.3 % to 89.5 %) for olefin
epoxidation than commercial CuO and CuO prepared by thermal decomposition of copper
hydroxide.

